X-ray photoemission spectroscopy study on the effects of functionalization in fulleropyrrolidine and pyrrolidine derivatives 
Introduction
C 60 and its derivatives are of high technological interest because of their outstanding photophysical [1] and electrochemical [2] properties. Among the wide variety of organofullerene compounds, fulleropyrrolidine derivatives, which are characterised by the presence of a pyrrolidine ring fused to a 6,6 ring-junction of C 60 , play an important role owing to their easy preparation with many possible synthetic variations [3] . Furthermore, mono-functionalization of C 60 does not considerably alter the basic fullerene properties [2] [3] [4] . Thus, retaining the fullerene properties and having the advantage of possessing higher solubility in polar solvents fulleropyrrolidine derivatives are applicable in several biological [5] [6] [7] and technological areas [8] [9] [10] [11] [12] . For example fulleropyrrolidine derivatives which possess positively charged groups are suitable compounds for the intercalation into aluminosilicates such as smectite clays [13] . Chemical modification of fullerenes is also useful for grafting them onto surfaces. In this way fulleropyrrolidine derivatives may play a relevant role in the design of novel molecular electronic devices [11] .
The pyrrolidine nitrogen atom is located close to the fullerene sphere and as a consequence its chemical properties are affected to some extent. There are only a few studies on how the fullerene substituent modifies the chemical properties of groups linked to it [14, 15] . The substituent effect on hydrophobic parameter, the basicity and nucleophilicity of fulleropyrrolidines was studied [16] . On the other hand additional groups fused to the pyrrolidine nitrogen atom also have an influence on the chemical properties of the pyrrolidine nitrogen atom. In the present work we want to study two different aspects: firstly the influence of the fullerene sphere and secondly the influence of further derivatisation on the properties of the pyrrolidine nitrogen by X-ray photoelectron spectroscopy (XPS).
XPS is an ideal tool for this purpose because XPS spectra can be used to obtain information about the chemical bonding by comparing the binding energies of the same atom in different environments. XPS enables us to understand the bonding interaction of fulleropyrrolidines in the solid state and the influence of the fullerene sphere and further functionalization on the pyrrolidine nitrogen atom.
The adsorption of pyrrolidine on silicon surfaces has been studied by XPS [17, 18] , however, there are no XPS data on its derivatives in the literature. Fulleropyrrolidine-derivative assembled as Langmuir-Blodgett films have been studied by XPS [19, 20] . Here we extend these studies in a systematic way to various compounds and their chemical modification and functionalization including different nitrogen groups. The molecules studied are listed in Table 1 and their chemical structure in Fig. 1 . Table 1 Name and characteristic of the compounds studied Number Name Notes 
Experimental

General
The N-methylpyrrolidine (1) was obtained from Fluka Sigma-Aldrich. Compounds 2-6 and 8-11 were all prepared according to reported procedures in the literature [21] [22] [23] . Compound 7 was prepared as follows: 21 mg (0.020 mmol) of 6 was sonicated for 5 min in 5 mL of methanol and the insoluble material removed by centrifugation; to this brown solution of the fullerene salt 6 a solution of 78 mg (0.398 mmol, 20 equiv) of silver tetrafluoroborate, AgBF 4 , dissolved in 2 mL of methanol was added dropwise. During the addition of the AgBF 4 solution a brown precipitate started to form in methanol. After 15 min a suspension of a brown precipitate in a clear solution of methanol was obtained. Methanol was then separated from the precipitate by centrifugation. Successively the brown solid was dissolved completely in dichloromethane (2 mL) and a white precipitate of AgI started to form. This precipitate was removed from the brown solution by centrifugation. This operation was repeated twice. Dichloromethane was evaporated under vacuum and then the brown solid was precipitated in hexane from a small amount of dichloromethane to yield the brown compound 7.
1
FT-IR spectra were recorded using KBr powder (DRIFT system).
1 H NMR spectrum was recorded at 200 MHz in CDCl 3 . Chemical shifts are given in parts per million (d) relative to tetramethylsilane. To collect ES-MS spectra, the compounds were dissolved in methanol.
Sample preparation
In this study, evaporated gold films supported on glass (Arrandee, Germany) were used as substrates. They were cleaned in an ozone discharge (UV-Ozone Photoreactor TM PR100, Ultra Violet Products) for 15 min and sonicated in ethanol for 20 min immediately before being employed. A 0.5-1% weight/volume of fulleropyrrolidine derivative suspension in water (or if not soluble in water in dichloromethane) was prepared. After sonication a small drop of the suspension was left to dry in air on the substrate. The pyrrolidine derivatives 1 and 2 were prepared in the same way to serve as reference samples.
Since the compounds are highly hygroscopic [24] , all samples prepared from water suspension contain some water. In fact, the molecules decompose when heated and therefore cannot be dried completely. Even when introduced in UHV, the water does not desorb completely as evidenced by a typical water component at around 532.8 eV binding energy [25, 26] that appears in all the O 1s photoemission spectra (not shown).
X-ray photoelectron spectroscopy
Samples introduced through a load lock system were measured using a SSX-100 (Surface Science Instruments) photoelectron spectrometer with a mono-chromatic Al-K a X-ray source (hm = 1486.6 eV). The base pressure in the spectrometer was in the low 10 À10 Torr range. The energy resolution was set to 1.16 eV to allow for an optimised combination of measuring time and resolution. The photoelectron take off angle was 37°. All binding energies of fulleropyrrolidine derivatives were referenced to the C 1s core level of the C 60 -cage at 285.2 eV [27] . Binding energies of the pyrrolidine derivatives were referenced to saturated, non-functionalized carbon with a C 1s binding energy set at 285.0 eV. Spectral analysis included a background subtraction (Shirley background [28] ), and peak separation using mixed Gaussian-Lorentzian functions [29] , in a least squares curve-fitting program (WinSpec) developed at the LISE laboratory of the Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium.
2 For the N 1s line, however, we had to employ a linear background subtraction since low peak intensity compared to the high secondary electron background following the substrate Au 4d peak did not allow for a reliable Shirley background subtraction.
During sample handling and data acquisition exposure to UV/vis light was avoided because the compounds are extremely unstable in UV/vis light. In addition, fluorine containing samples were sensitive to X-ray damage and measuring time had to be kept as short as possible for these samples.
Results and discussion
XPS spectra were taken for B 1s, C 1s, F 1s, Fe 2p, I 3d, N 1s and O 1s core levels. For each compound the spectra gave evidence for the presence of all elements associated with that compound and we observed binding energies and line-shapes (see below) consistent with the chemical structure and the stoichiometry.
Carbon 1s photoelectron line
We first discuss the carbon photoemission line to illustrate that the different functional groups can easily be identified with this technique.
Comparison of the N,N-dimethylpyrrolidinium iodide (2) with the N,N-dimethylfulleropyrrolidinium iodide derivative (4)
Compound 4 with the two methyl groups linked to the fulleropyrrolidine nitrogen is comparable to the pyrrolidine derivative 2 and hence suitable to study the influence of the fullerene sphere on the pyrrolidine. C 1s photoemission lines of 2 and 4 are compared in Fig. 2 . As shown in Fig. 2(a) for the pyrrolidine derivative 2, the curve fitting procedure of this spectral region yields three peaks. The first peak at 285.0 eV binding energy is assigned to carbon atoms of the C-C bonds of the pyrrolidine ring not bound to nitrogen, while the second signal at 286.1 eV is arising from the nitrogen-bound carbons of the pyrrolidine ring and from the methyl carbons bound to nitrogen [30] . The latter peak is wider than the former because the two types of carbons contributing to it are not exactly equivalent. This assignment is supported by the intensity ratio of 1:2 between these two components. A third peak at 288.5 eV represents the contribution of CO 2 impurities due to air exposure of the film [31] .
In the case of the fulleropyrrolidinium derivative 4, analogue of 2 where the C 60 -cage is present, the spectrum in Fig. 2(b) 2 The WinSpec program does not first subtract the background and then fit the peaks but the fitting is done in a one-step process-in which one defines the shape of the peak by determining the linear combination of Lorentzian and Gaussian, as well as the asymmetry one would like to start with, the type of background one wishes to use (Shirley [28] , Tougaard or linear) and the binding energy interval one wishes to consider for the fit and then starts the optimisation procedure.
the contributions from the methyl groups close to the iodic ion and is slightly asymmetric compared to pure C 60 [27] . In order to take this asymmetry into account in the peak fitting procedure we used a Losev peak shape [32] . The shake up features associated with the C 60 -cage atoms are found at 288.7 and 291.2 eV [33] . The feature at 286.7 eV is due to the carbon atoms of the pyrrolidine ring bound to nitrogen. It is shifted 0.6 eV to higher binding energy compared to the spectrum of 2 indicating that a charge redistribution has occurred as a result of the functionalization. This interpretation is confirmed by the N 1s spectrum discussed below.
Fulleropyrrolidine derivatives possessing an oligoethylene glycol side chain
Further derivatisation of fulleropyrrolidines e.g. in the form of an alkyl tail fused to the pyrrolidine nitrogen atom make them suitable for grafting on surfaces such as modified electrodes [11] . The C 1s spectrum of compound 5 is displayed in Fig. 3(a) . This spectrum clearly consists of four components. Here, only one signal at 286.7 eV is due to carbon atoms bound to nitrogen and carbon atoms single bound to one oxygen atom from the alkyl chain [30] . The binding energies of carbon bound to nitrogen and singly bound to oxygen are very similar [30, 34] resulting in a broadened peak which, with our equipment, is not separable. The contribution due to carbon atoms of the C 60 -cage and the corresponding shake up features are found at 285.2 eV, and at 288.7 and 291.2 eV [33] , respectively, as for compound 4 discussed above.
Fulleropyrrolidines possessing a trifluoroacetate group
The C 1s spectrum of 10 is displayed in Fig. 3(b) . At first look one identifies five peaks in the spectrum, however, close inspection reveals that the spectrum can be fitted only if one assumes at least six contributions: the first and most intense at 285.2 eV derives from carbon atoms of the C 60 -cage and the corresponding shake up features are found at 288.7 and 291.2 eV; the spectral feature at 286.8 eV is due to carbon bound to nitrogen and oxygen; at 289.4 eV we have the contribution arising from of carboxylic carbon atoms and at 292.3 eV that of carbon bound to the more electronegative fluorine [30] .
Fulleropyrrolidines possessing a secondary amine protected by a tert-butoxycarbonyl group (8, 9)
The C1s photoemission spectrum of 9 is presented in Fig. 3(c) together with the result of the curve fitting procedure which yields five peaks. The first peak at 285.2 eV is assigned to carbon atoms of the C 60 -cage (with the associated shake up features at 288.7 and 291.2 eV) and to the methyl group. The second one at 286.8 eV is due to carbon atoms bound to oxygen and to nitrogen, while the third one at 289.7 eV arises from the contribution of carbamate carbon atoms [30] . From this analysis we can conclude that all functionalization groups of the various compounds can be identified in the C 1s region of the respective XPS spectrum. As a summary we include here the results of the curve fitting procedures of the C 1s lines of the various compounds in Table 2 .
Nitrogen 1s photoelectron line
In this section we shall first examine the pyrrolidine nitrogen and show that the charge redistribution due to the presence of the C 60 -cage influences not only the carbon atoms but also the nitrogen. The other major influence of different functionalization groups on the pyrrolidine nitrogen is whether or not a quaternisation occurs, while no differences can be detected for different groups (methyl group or alkyl chain) producing either configuration. In addition, we shall discuss the stability of end groups of the alkyl chain attached to the pyrrolidine nitrogen.
Comparison of the N,N-dimethylpyrrolidinium iodide (2) with the N,N-dimethylfulleropyrrolidinium iodide derivative 4
Recalling the short description of the compounds above, compound 4 is comparable to the pyrrolidinium derivative 2 and hence suitable to study the influence of the fullerene sphere on the binding energy of the pyrrolidine nitrogen atom. The N 1s region of the XPS spectra of 2 and 4 is depicted in Fig. 4(a) and (b) , respectively. The N 1s photoelectron line of 2 is observed at 402.1 eV. When the C 60 -cage is present (compound 4), the binding energy increases by 1.0 eV to a value of 403.1 eV, indicating a decrease in the electron population around the nitrogen. This effect can be explained by a delocalisation of the nitrogen lone pair onto the fullerene core [14, 16, 35, 36] .
In the photoelectron spectra of both 2 and 4 a second peak with low intensity is observed at $399.5 eV. This peak, arising from demethylated pyrrolidine nitrogen, is due to degeneration of the quaternary nitrogen counter balanced by iodide. In general, we have observed instability of iodide containing fulleropyrrolidines.
Fullerenes functionalized with a methylated pyrrolidinium nitrogen and an oligoethylene glycol chain
The addition of a longer alkyl chain on the pyrrolidine nitrogen atom enables the grafting of fullerene compounds on surfaces for applications such as modified electrodes [11] . We therefore focus on how this alkyl chain affects the binding energy of the pyrrolidine nitrogen atom. In Fig. 4(c) the N 1s region of the photoelectron spectrum of 6 is shown. The main peak is observed at a binding energy of 402.7 eV. This value is 0.4 eV lower than the one Table 2 Binding energy, full width at half maximum and percentage of the total line area obtained from the fit of the C 1s core level emission spectra presented in Figs. 2 Except the components marked with * , a Gaussian function line shape was used for all components used in the fit. Components marked with * were fitted with an asymmetrical function (Losev peak) and therefore the full width half maximum is calculated by doubling the distance from maximum height to half-height on the steep side [32] . observed for the same molecule without a long alkyl tail (4) and we attribute this difference to a variation in quaternisation of nitrogen present in the two molecules. In fact, quaternisation of nitrogen in -NH þ 3 increases the binding energy by $1.5 eV [29] while quaternisation of amine gives rise to an upshift in binding energy of 2.5 eV [34] . However, we do not exclude that also differences in the position of the counter-ion influence the binding energy value.
Fullerene derivative 7 has the same functionalization as compound 6. However, the pyrrolidinium nitrogen is balanced by a different counterion, the tetrafluoroborate (BF À 4 Þ. The N 1s region is shown in Fig. 4(d) . The binding energy value of 402.7 eV is exactly the same as the one determined for compound 6. Thus, the change in the counter ion of the methylated pyrrolidinium nitrogen from iodide to BF À 4 has no effect on the binding energy value of the nitrogen atom.
It is important to note that the change in counter ion to the BF À 4 anion has, however, an effect on the stability of the pyrrolidinium nitrogen: the low intensity peak observed at $399.5 eV arising from demethylated nitrogen which is present in all iodide counter balanced compounds disappears. Even after exposure to UV/vis light the spectrum of compound 7 did not reveal the presence of degenerated nitrogen.
Fullerenes functionalized with a neutral fulleropyrrolidine nitrogen
In Fig. 5 (a) and (b) the N-methylfulleropyrrolidine (compound 3) is compared with the fulleropyrrolidine functionalized with a long alkyl tail and a ferrocene group (compound 11). The ferrocene group is an electroactive group widely used in fullerene chemistry to favour electron transfer processes from ferrocene to fullerene (see for example [37] ). We thought it interesting to study by photoemission if there was any change in the nitrogen characteristics due to interaction with the ferrocene group. For the compounds 3 and 11 N 1s binding energy values of 399.8 and 399.7 eV are determined, respectively. The values are within the limit of error in good agreement and therefore, it can be concluded that the functionalization with a long alkyl tail on the fulleropyrrolidine nitrogen has no influence on the binding energy of this nitrogen. We can also deduce that the presence of the ferrocene group does not change the electron distribution around the fulleropyrrolidine nitrogen.
As already mentioned in the introduction, fulleropyrrolidine derivatives possessing an ammonium end-group in the alkyl side chain are suitable for intercalation into silicate sheets [13] . We shall examine now their tendency to be subject to deprotonation. The second peak visible in the N 1s spectrum of compound 11 shown in Fig. 5(b) at a binding energy of 401.9 eV is due to the ammonium end group [38, 39] . Based on the stoichiometry of the compound, one expects that the ratio between the N 1s intensities due to ammonium nitrogen and fulleropyrrolidine nitrogen to be 1:1. However, Fig. 5 (b) reveals a much lower intensity ratio of $0.5. The small intensity of the ammonium nitrogen contribution is due to its acidity. In fact, deprotonated amine nitrogen appears at a binding energy A Gaussian function line shape was used for all components used in the fit.
of $399.7 eV which overlaps with the peak due to the fulleropyrrolidine nitrogen.
Fulleropyrrolidines possessing a carbamate nitrogen
The alkyl tail is now functionalized with a primary amine protected by the tert-butoxycarbonyl (Boc) group instead of the ammonium trifluoroacetate group. In Fig. 5(c) , the N 1s region of the spectrum of fulleropyrrolidine derivative 9 is depicted. One peak is observed at 402.7 eV arising from the methylated fulleropyrrolidine nitrogen (see section above), another peak at 400.1 eV is due to the carbamate nitrogen [40] . Compound 9 shows an almost ideal 1:1 ratio for the intensities of these two contributions, i.e. we have one fulleropyrrolidine nitrogen atom for each carbamate nitrogen atom.
For completeness, the results of all fitting procedures of the N 1s components discussed in Section 3.2 are summarised in Table 3 .
Conclusion
The study of positively charged fullerene derivatives is relevant because fulleropyrrolidinium ions have interesting applications in photovoltaics [37, 41, 42] . In addition, amphiphilic compounds, such as those studied here, have appealing aggregation properties [43, 44] . Photoemission spectroscopy gives evidence for charge transfer from the carbon pyrrolidine ring to the C 60 -cages. This charge redistribution influences not only the carbon atoms but also the nitrogen. This technique also allows the identification of the different functional groups present in each molecule and indicates a charge redistribution in the pyrrolidine ring resulting from different functionalization depending on whether or not a quaternisation of the pyrrolidine nitrogen occurs. However, whether a methyl group or an alkyl chain produces one or the other configuration does not seem to influence the charge redistribution. We also found that the type of counter ion influences the stability of the pyrrolidinium nitrogen: in molecules where iodide is the anion, demethylated nitrogen is always found to be present while none is detected for molecules with BF À 4 anion.
